Cervical spinal neurinomas are benign tumors that arise from nerve roots. Based on their location, these tumors can also take the form of a dumbbell-shaped mass. Treatment strategies for these tumors have raised several controversial issues such as appropriate surgical indications and selection of surgical approaches for cervical dumbbell-shaped spinal neurinomas. In this report, we review previous literature and retrospectively analyze cervical spinal neurinoma cases that have been treated at our hospital. Surgical indications and approaches based on tumor location and severity are discussed in detail. Thus, with advances in neuroimaging and neurophysiological monitoring, we conclude that appropriate surgical approaches and intraoperative surgical manipulations should be chosen on a case-by-case basis.
Introduction
Spinal neurinomas are benign tumors that account for one-third of all spinal cord tumors. 1) Approximately 80% of these tumors arise from intradural nerve roots, especially the dorsal roots. Sometimes, spinal neurinomas form across the dura mater as a result of extradural growth along the nerve roots, and as a result, form a dumbbell-shaped mass. [1] [2] [3] These tumors account for around 20% of all spinal neurinomas.
In contrast to neurofibromas, which arise from nerve fibers, a neurinoma is a tumor that arises from nerve sheath cells. Moreover, neurinomas consist of benign neoplastic Schwann cells, while neurofibromas contain a mix of Schwann cells, perineural-like cells, and fibroblasts interspaced with nerve fibers and myxoid matrices. 4, 5) However, it has been histologically and clinically difficult to distinguish between these tumor types and they are sometimes described collectively as nerve sheath tumors.
Although nerve sheath tumors are relatively common among spinal cord tumors, treatment strategies for these tumors have raised several controversial issues. Such disputes include appropriate surgical indications for cervical neurinomas, including neurofibromatosis, and selection of surgical approaches for cervical dumbbell-shaped spinal neurinomas.
In this article, we review previous literature and retrospectively analyze spinal neurinoma cases that have been treated at our hospital. We specifically focus on the current standard treatment for cervical spinal neurinomas.
Surgical Indications and Treatment of Cervical Spinal Neurinomas
As the majority of spinal neurinomas cases are benign, surgery is principally indicated for symptomatic tumors. On the other hand, asymptomatic tumors are subject to follow-up using diagnostic imaging modalities, such as magnetic resonance (MR) imaging, and surgery is recommended for tumors that exhibit growth or become symptomatic. However, as described below, neurinomas associated with neurofibromatosis (NF) type 2 are multifocal, grow quickly, and their associated symptoms tend to be more serious. A previous report promoted early surgery because these tumors tend to infiltrate the nerve roots, thus increasing surgical difficulty. 6) Moreover, these tumors tend to frequently relapse and exhibit multifocality that should be understood when considering surgery for patients with NF type 2.
depends on the specific anatomy of the lesion. For example, tumors that are small and intradural can be approached posteriorly, and this approach can be utilized with laminoplastic hemilaminotomy to prevent postoperative subcutaneous fluid collection caused by cerebrospinal fluid (CSF) leakage, kyphotic deformity, and infection. On the other hand, ventrally located tumors may require partial facetectomy. [7] [8] [9] [10] [11] [12] According to preoperative neuroimages, safe removal of a tumor requires that a wide operative field be maintained so that the entire mass can be confirmed. Furthermore, if a tumor proves to be mobile by changing posture with MR imaging taken some time before surgery, a wider operative field is needed.
When a tumor is located dorsal to the denticulate ligaments, it can be directly separated from the surrounding nerve tissue. However, it is important to identify a tumor if it is located ventral to the denticulate ligaments, or if it has extended to the anterior or anterolateral direction of the spinal cord. This can be accomplished by disconnecting denticulate ligaments from the dura and rotating the spinal cord.
Another key component of tumor removal is the identification and division of proximal and distal nerve root tumor attachments. However, these attachments may not be apparent with large tumors, and intracapsular resection with suction or an ultrasonic aspirator is used in such cases. Sacrifice of the nerve root of origin is usually required for tumor removal after neurophysiological monitoring. More detailed information about the manipulation of nerve root attachments during surgery will be discussed in the following section.
Surgical Strategy for Cervical Dumbbell-
shaped Spinal Neurinomas I. Classification of cervical dumbbell-shaped spinal neurinomas Dumbbell-shaped tumors comprise 20% of spinal neurinomas, and assume an hourglass shape owing to constriction at the point of penetration. This point typically occurs through the intervertebral foramen, where tumors are situated adjacent to the vertebral artery in the cervical region. These dumbbell-shaped spinal neurinomas are thought to form across the dura mater as a result of extradural growth along the nerve roots. 13) Eden's classification for dumbbell tumors of the spine, longtime considered a "gold standard," is no longer sufficient to determine surgical strategy in view of recent advances in neuroimaging. Asazuma et al.
reported a new system to identify optimal surgical strategies for cervical dumbbell-shaped spinal neurinomas classified based on their shape and threedimensional location on diagnostic MR images. 14, 15) Their classification includes nine main axially determined groups (Fig. 1) . Type I comprises intra and extradural tumors that are located only in the spinal canal and constrict only the dura. Type II comprises epidural tumors with constriction at the foramen, and includes three subtypes (a, b, and c) defined according to the degree of extraforaminal spread. Type IIa tumors do not extend beyond the intervertebral foramen, while types IIb and IIc extend increasingly beyond the intervertebral foramen. Thus, IIa is extradural and foraminal; IIb, extradural and paravertebral; and IIc foraminal and paravertebral. Type III tumors have both dural and foraminal constriction, and include an intradural and extradural-foraminal type (type IIIa) and an intradural and extradural-paravertebral type (IIIb). Type IV tumors are extradural and intravertebral, invading only the vertebral body. Type V lesions are extradural and extralaminal with invasion of the lamina, and type VI tumors show multidirectional erosion of the bone.
This classification is based on the anatomical landmarks such as dura mater and intervertebral foramen. C1 and C2 vertebral body have no intervertebral foramina. Therefore, this is used for identification of optimal surgical strategy for cervical dumbbell-shaped spinal neurinomas located below C3 region.
II. Surgical strategy for cervical dumbbell-shaped spinal neurinomas located in the upper cervical spine: O-C2 region
Many dumbbell-shaped neurinomas are found in the upper cervical spine.
2) These tumors, which have an extradural component, have been reported to decrease in number from the rostral to caudal region of the spinal axis. This growth pattern may be explained by anatomical features of the spinal nerve roots, which have a shorter intradural component at the rostral portion of the spinal canal. [16] [17] [18] [19] Because the spinal canal is wide, compression of the spinal cord may be mild until tumors become large and dumbbell-shaped. Anatomically, as there are no intervertebral foramina and no osseous surrounding structures, the tumors tend to extend posterolaterally.
For upper cervical dumbbell-shaped spinal neurinomas such as those in the C2 region, the posterior approach is utilized because of the direction of the extradural component. 20) As a first step, the
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extradural component of the tumor is removed in order to obtain a large enough operative field so that the tumor's feeding artery can be cut. A dural incision is then made along the extradural component, and if the tumor is preoperatively anticipated to adhere to the vertebral artery, an intracapsular resection is performed to prevent vertebral artery injury. Next, a longitudinal durotomy is made perpendicular to the previous incision so that the tumor's intradural component can be removed. This is done to obtain a wide operative field and cut feeding arteries to the tumor. In the case of a ventrally located tumor in the upper cervical spine, total removal is possible and is dependent on spinal cord rotation and the mobility of the tumor. On the other hand, the intraspinal component is removed first to prevent the compression to the spinal cord during surgery. 21, 22) For large intradural tumors, a longitudinal paramedian durotomy that is gently curved laterally at either end is used. After intradural tumor removal, the dural incision is extended laterally over the nerve root sleeve. An intracapsular tumor dissection is performed if root preservation is possible. The surgical strategy for a neurinoma located in the middle or lower cervical spine is more complicated, and selection of the most appropriate approach remains controversial. We have often encountered difficulties with complete resection of dumbbell-shaped tumors extending into the intervertebral foramen of the mid and lower cervical spine. In the literature, others have reported their surgical approaches in these more problematic cases, and they have also discussed surgery-related complications. 5, [23] [24] [25] [26] [27] [28] The literature, along with our experience, indicates that total removal of neurinomas is an achievable goal that yields good results; however, cervical dumbbellshaped neurinomas often present challenges in terms of complete resection. For complete removal, some dumbbell-shaped tumors require extensive surgical maneuvers, such as vertebrectomy. While several of these extensive approaches have been reported (Table 1) , these procedures can lead to severe complications, such as arachnoiditis, 29) vertebral deformities, and vertebral artery injury. 30) Using the anterior or lateral approach with a total facetectomy, complete tumor resection has been described. 31, 32) Moreover, Lot and George reported that complete resection could be achieved using a lateral approach with vertebral artery ligation. 27) Asazuma et al. reported a combined anterior and posterior approach is used for tumors that extend beyond the intervertebral foramen: types IIb, IIc, IIIb, and VI (Fig. 1) . On the other hand, a posterior approach with partial or complete facetectomy can be employed in all other tumor type classifications. The results of 42 cases treated by this classification have been reported. With regard to radicality of resection, subtotal tumor resection has been performed in 6 patients (14.3%), while total resection has been performed in 36 patients (85.7%).
In the six patients who underwent subtotal resection, two tumors were type IIa while four tumors were type IIIa. All the six tumors were foraminal and treated with a posterior approach. Moreover, there were no crucial intraoperative complications; thus, the classifications proposed by Asazuma et al. are thought to be clear and suitable. However, detailed long-term follow-ups of the remnant tumors have not been reported. Additionally, there are limitations to removing tumors located in the foraminal part of the spinal cord via a posterior approach.
IV. Recurrence rate of the tumor and postoperative complications
As for the recurrence rate of cervical dumbbellshaped spinal neurinomas, Klekamp et al. noted a recurrence rate of 10.7% at 5 years. 6) Their surgical procedure included the removal of the facet joint to achieve complete resection of the extracanalicular portion of the tumor. However, in their report, complications occurred in 16.7% of the surgeries: one patient with infection, two with CSF leakage, one with hematoma, one with aseptic meningitis, and one with spinal instability. These complications might have resulted from the extensiveness of their surgical interventions. On the other hand, Jiang et al. reported a case series of 46 patients treated with gross total resection over a period of 8 years. 25) Interestingly, the recurrence rate for this series was 2.8% over an average 5-year follow-up. It should be noted that that more extensive surgical techniques were applied in these cases, such as combined anterior and posterior approaches for total resection of the tumor that resulted in an average estimated blood loss of 1,650 ml. Because of this, their complication rate was high: 54.5% of surgeries.
Little is known about the natural behavior of neurinomas, particularly of postoperative tumor remnants. Therefore, the surgical strategy for dumbbell-shaped neurinomas is controversial. Previously, we devised a study to assess the surgical outcomes and chronological changes of remnant dumbbell-shaped neurinomas following a posterior approach for surgical resection. 23) Twelve patients with dumbbell-shaped neurinomas were surgically treated at our institute from 2004 to 2011. We adopted a posterior approach to remove the intracanalicular portion of the neurinomas as completely as possible, intentionally leaving the foraminal portion unresected to prevent bony and vascular injury. Postoperative residual tumors were identified in 6 of the 12 patients, and the follow-up period ranged from 12 months to 88 (mean 65.3 ± 19.9) months. Perioperative neurological findings between the dumbbell-shaped subtotal or partial removed group and dumbbell-shaped total removed group were almost the same, and we found that the recurrence rate was 8.4% of all dumbbell-shaped neurinoma cases. Follow-up MR images showed no enlargement of the remnant tumors except in one patient with a cystic component, which are known to grow easily. 23) Moreover, surgery-related complications occurred only in one patient with mild and temporary motor weakness. Taken together, our strategy demonstrates lower rates of surgical complications and similar rate of tumor recurrence compared with those accompanying extensive alternative approaches. Nakamura et al. reported another treatment strategy for cervical dumbbell neurinomas. 33) Of the 18 cases where tumors had been partially resected (among 75 cases of cervical dumbbell neurinoma reviewed), only 4 cases demonstrating high tumor-growth rates required re-operation or showed tumor growth. Among the four re-operated cases, the MIB-1 index, which was 5% and 8%, respectively in the two cases, was high. These cases emphasize that total resection should be attempted for cervical dumbbell tumors. However, in cases where total resection poses a potentially high risk, subtotal resection can be a practical choice yielding favorable long-term outcomes.
Sohn et al. evaluated the growth rate of residual spinal schwannomas using data collected from the Korea Spinal Oncology Research Group database. 34) More specifically, they compared groups of patients who had experienced tumor regrowth to those who did not exhibit regrowth. Age, sex, tumor size at initial diagnosis, postoperative tumor size, and MIB-1 index were compared between the two groups. Interestingly, only MIB-1 indices were significantly different between regrowth and no regrowth groups (6.3 ± 5.6 vs. 2.0 ± 1.6%, P = 0.014). They postulated that the remnant tumors with high MIB-1 indices should be done under close observation.
Problems Associated with Treatment of
Spinal Neurinomas I. Postoperative neurological dysfunction due to sacrifice the nerve root of tumor origin Cases where the entire nerve root is involved are often encountered with dumbbell-shaped neurinomas in which the tumor is large, and has progressed extradurally. Such cases often lead to concerns about the occurrence of postoperative dysfunction. Kim et al. reported their results as follows: (1) in 22.6% of cases, temporary motor and sensory dysfunction appeared without serious complications, (2) given their histological properties, neurofibromas are likely to cause neurological disorders after excision, but in practice, there have been no reports of postoperative neuropathy, and (3) similar to dumbbell-shaped spinal neurinomas, no differences in tumor size or incidence of postoperative neurological deficits were observed with relatively large tumors. Ultimately, the authors concluded that the nerve root from which the tumor originated lost its function during tumor removal and that other nerves can compensate for the loss of function. As a result, the postoperative neurological deficit is mild, even when the origin is excised along with the tumor during surgery. 26) Celli focused on the fact that severe mobility disorders, although uncommon (7.4% in incidence), did appear after surgery, and that such disorders were more likely to occur with tumors located extradurally. 24) Hasegawa et al. reported similar results from a histological study. The morphology of nerve roots from which tumors originate has been investigated using optical and electron microscopy. These studies revealed that nerve roots serving as origins have decreased myelinated nerve fibers. Notably, as degeneration occurs slowly, it is possible for surrounding nerves to compensate for functional activity. 35) Lot and George evaluated the presence or absence of denervation using electromyography in order to determine whether neurological symptoms appeared consequent to nerve transection during surgery. According to the results of their observations, they decided to sacrifice nerve roots in 28% of extradural schwannoma cases. Impressively, only 3.5% of the cases exhibited postoperative motor weakness. Due to these results, functional nerve root assessment with intraoperative nerve stimulation has been advocated as a necessary procedure.
27)

II. Treatment strategy for neurinomas associated with NF type 2
According to an analysis of 87 patients by Klekamp et al., outcomes of treatments for spinal neurinomas differed between patients with and without NF type 2. More specifically, in patients without NF type 2, 91% of tumors were removed and the patients' Karnofsky performance scores significantly improved from 70 ± 13% preoperatively to 87 ± 8% postoperatively. However, with NF type 2 cases, complete removal was achieved only in 74% of patients, and the pre-and postoperative Karnofsky performance scores showed no significant difference at 58 ± 15% and 68 ± 21%, respectively. This difference in outcome was reported to be associated with the fact that many patients with NF type 2 had multiple large tumors extending into the epidural space. In addition, malignant neurinomas occur in 30-50% of patients with NF type 2. 31) In contrast, it has been reported that there is no difference in preoperative neurological symptoms, surgical findings, surgical results, or recurrence rates between patients with and without NF type 1.
6)
Conclusion
A cervical spinal neurinoma is a benign tumor that is common among the spinal cord tumors. However, while these tumors are relatively common, many issues need to be addressed in terms of their appropriate treatment. With advances in neuroimaging and neurophysiological monitoring, appropriate surgical approaches and intraoperative surgical manipulations should be chosen for each case.
